Introduction
Lead chalcogenides are known for their high thermoelectric performance in both n-type [1] [2] [3] and ptype [4] [5] [6] compounds at temperatures ranging from 500 K to 900 K. This makes them excellent choices as materials for solid-state thermoelectric generators designed for harvesting waste heat [7] .
PbTe-based materials have been used in radioisotope thermoelectric generators (RTGs) [8] and more recently, in terrestrial applications [9] due to the latest improvements in their thermoelectric figure of merit (zT). Nevertheless, a thermoelectric generator not only bases its performance efficiency on the high thermoelectric efficiency (zT) of its p and n couples, but also on good contacts with the electrodes [10] . Thermoelectric materials are joined to metal electrodes either through direct reaction [11] or by fabricating intermediate layers as diffusion barriers [12] . In either case, the obtained interphases are required to: (i) inhibit continuous reaction between the thermoelectric materials and the electrodes [13] ; (ii) provide mechanical stability with no major defects or fractures [12] ; (iii) have low thermal resistance [14] ; and (iv) create ohmic contacts with low electrical resistance to eliminate voltage thresholds at the junction, which can diminish the total performance of the generator [15] .
One of the major challenges is the choice of electrical contact (electrode), which should have minimum thermal mismatch with the thermoelectric material at the generator's working temperatures [16] . To maintain a reliable and lasting mechanical bond and to meet expectations of generator performance, comparable coefficients of thermal expansion (CTE) are essential for the thermoelectric material, the electrode, and any interphase that is formed [17] . Lead telluride is known for its high CTE, 20 × 10 −6 /K, when compared to the metals (Ni, Fe) commonly used as electrodes. This makes it more difficult to bond PbTe to an electrode due to the stress caused by thermal expansion [18] .
Nevertheless, Ni (CTE = 13.4 × 10 −6 /K) and Fe (CTE = 11.8 × 10
/K) were studied as electrode materials for PbTe [11, 19] . The Fe/PbTe joint was found to be successful for n-type material, revealed as a mechanically stable joint with a low electrical resistance at the junction [19] .
Temperatures as high as 1073 K were employed to form the Fe/PbTe joint [20] , however, which might damage the PbTe. Nickel was joined to PbTe thermoelectric material by plasma activated sintering for the first time by Orihashi et al. [21] , and the joint showed low electrical resistance at the contacts. Recently, in a study by Xia et al. [11] , the same elements were bonded by a one-step hot press process, simultaneously consolidating and bonding the thermoelectric material to the electrode, and the detailed microstructures and composition of the interface were reported. It appears that Ni is a more viable electrode for PbTe than Fe.
Various approaches have been employed to create an effective diffusion barrier (interphase) between the thermoelectric material and the electrode, such as metallic thin film deposition [12, 22] , soldering [23] , brazing [24] , and metallization processes [11, 25] . Recently, fabrication of bulk thermoelectric materials by the spark plasma sintering (SPS) technique has become more popular due to the fast sintering of high-quality dense products [26] . This technique has also been employed to bond electrodes to skutterudite [27, 28] or magnesium silicide based thermoelectric materials [25] . In this study, one-step bonding of n-type PbTe to high purity Ni plate was achieved by SPS. The chemical composition and microstructures at the interface were investigated in detail. We demonstrate a homogeneous interphase between the Ni electrode and the n-type PbTe. The thermal stability of the interphase and the thermoelectric material were also studied by aging the assembly at 823 K for 360 hours.
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Materials and Methods
Polycrystalline PbTe0.9988I0.0012 was synthesized by mixing stoichiometric quantities of high purity Pb (99.999%), Te (99.999%), and PbI2 in vacuum-sealed quartz ampoules and then heat-treating them at 1373 K for 10 hours. The samples were quenched in cold water, followed by annealing at 823 K for 72 hours. The obtained n-type lead telluride ingots were hand ground to a fine powder in a protective atmosphere. The powder (Figure 1(a) ), consists of particles under 10 µm in size with a random distribution. The obtained powder was sintered into 12 mm diameter disk-shaped pellets using spark plasma sintering (SPS) at 793 K and axial pressure of 40 MPa for 30 minutes. The laser flash method (Linseis LFA 1000) was used to measure the thermal diffusivity (DT). The thermal conductivity was calculated from = , where the density (ρ) was calculated using the measured weight and dimensions. The specific heat capacity (cp) was estimated by Thermoelectric modules for power generation are commonly encapsulated in inert atmosphere or under vacuum [8, 29] . In order to assess the thermal stability of the joints, PbTe/Ni samples were heat-treated at 823 K for 360 hours in a vacuum-sealed quartz tube. The microstructure analysis was also carried out for the heat-treated samples. The back-scattered electron (BSE) micrograph in Figure 3 (a) presents the entire cross section of the Ni plate and n-type PbTe interface, which were bonded at 793 K for 10 minutes. A continuous diffusion barrier layer is formed between the PbTe and the Ni along the roughly 10 mm length of the assembly. We can observe dense lead telluride without visible cracks, major porosity, or defects, as opposed to the interface with PbTe that was directly hot pressed to Ni [19] , where cracks were observed in the nickel electrode. In order to identify the crystallographic structure of the interphase formed between Ni and PbTe, the Ni plate was polished to a thickness of a few tens of micrometres, and the X-ray diffraction pattern was obtained from the surface of the sample (Figure 4 ). It is worth noting that due to manual polishing of the assembly, the PbTe phase was also exposed to the surface in some areas of the sample surface.
Results and Discussion
The XRD pattern indicates the presence of three major phases. Ni and PbTe are identified with clear high intensity diffraction peaks, marked by red and yellow symbols in Figure 4 . The higher intensity of the Ni peaks is due to the sample set-up on the X-ray diffraction equipment. The X-rays collided first with the Ni plate and then reached the interphase layer and PbTe. The low concentration of interphase layer resulted in peaks with lower intensities, which are identified as the β2 Ni3±xTe2 phase.
Slight variations in the composition of the β2 Ni3±xTe2 phase occur as a function of temperature.
Changes in the crystallographic structure from monoclinic to orthorhombic and then tetragonal occur at 491 K and 610 K, respectively [31] . The similarity of the lattice parameters of the three abovementioned crystallographic structures [32] means that they cannot be distinguished in the obtained XRD diffraction pattern. Therefore, electron backscatter diffraction (EBSD) analysis was performed on the interphase to discern the β2 phases. 
Table 1. Atomic percentage compositions given by EDS analysis on Figure 5(c), (d), and (e).
The possibility of the formation of β2 phase as a result of the reaction between Ni and PbTe at 793 K was studied thermodynamically. Table 2 lists the heat capacity (cp) values as a function of temperature for the phases involved in the reaction. EBSD study confirmed that the thus-formed interphase is β2
Ni3±xTe2 phase, so γ1 phase (Ni1.29Te, 43.7 at.% Te) and δ phase (NiTe2-x, 52.2-66.7 at.%), which are also stable phases at room temperature [31, 32] , are excluded from the thermodynamic calculations. Table 4 summarises the entropy (ΔrST ), enthalpy (ΔrHT), and Gibbs free energy (ΔrGT) of the reaction at room temperature and at 793 K. The ΔrGT of the reaction is slightly above zero and may suggest that the spontaneous reaction of compounds at 793 K is impossible. The temperature of the assembly in the SPS was measured at a distance from the area of the reaction, however, resulting in a few degrees difference between the actual temperature of the interface and the measured temperature. A previous study [35] suggested a reaction temperature of 793 K for β nickel telluride, when the thermodynamic data was adopted from different references to calculate the Gibbs free energy of the reaction. According to both the pseudo-binary phase diagram of Ni-PbTe [36] and Equation (1), one of the reaction products of Ni with PbTe during sintering is pure lead, with a melting point of 600 K.
Nevertheless, no pure Pb was observed by detailed microscopy of the cross-section of the sintered sample. Through stoichiometric calculations using Equation (1) and considering the densities of the different layers plus the volume of the die, we estimate that there should be a layer of Pb approximately 20 μm in thickness at the interface. Therefore, Pb, if it exists, should be easily identified in the SEM images. No trace of Pb was found in the sample during microscopy analysis, however. The melting point of Pb (600 K) is lower than the sintering temperature of 793 K. The observed small quantity of sintered material on the inner walls of the graphite die suggests an expulsion mechanism. We propose that the liquid Pb that was generated during the heating process was forced to leave the interface by the high uniaxial pressure. The expulsion of materials with lower melting points than the sintering temperature was previously reported during sintering by SPS [37] .
In order to confirm the optimal bonding temperature for the PbTe/Ni, the interface of Ni with PbTe powder was studied after sintering at various temperatures under 40 MPa pressure for 10 minutes. K, which is a temperature much lower than 873 K. This has benefits for PbTe as a thermoelectric material that is sensitive to sublimation at higher temperatures. The obtained bond in this study satisfies expectations by forming a homogeneous diffusion barrier in the contact area between the thermoelectric material and the nickel electrode by a one-step sintering process. The composition of the generated interphase is consistent with Ni3Te2 as the only intermetallic formed during the reaction. An earlier study [11] on the one-step bonding of Ni to n-type
PbTe by rapid hot pressing found defects at the junction with the nickel electrode, which increased in number with the sintering time, allowing PbTe to diffuse and react inside the cracks. The main reported composition is Ni3±xTe2 (38.6 -41.0 at.% Te), and a ternary phase of Ni5Pb2Te3 is observed together with it via a eutectic reaction at the Ni/PbTe interface at 923 K. The continuous diffusion of elements into the defects in Ni electrode, where they can react at the device operating temperature, was introduced as the major limitation of this sort of fabricated interface.
We have formed a defect-free, fully reacted interface between Ni and PbTe. The nickel electrode is free of defects, allowing homogeneous diffusion of the interlayer into the PbTe. The intermetallic formed is also the binary Ni3Te2 compound, and there is no evidence of a ternary phase. We believe that our interphase could better prevent further reaction between the Ni electrode and the thermoelectric material.
Aging test
The highest performance of PbTe materials is obtained at 700 -850 K [30] , promoting the fabrication of thermoelectric generators designed to work at a similar hot side temperature. These conditions can be applied for an extended period of time, and therefore, long-term thermal stability of the interface is essential for future thermoelectric module performance. Sublimation is the main degradation mechanism for thermoelectric generators. If sublimation of materials at the hot side junction is significant over time, it could cause mechanical failure of the contact between the interphase and the thermoelectric material. The standard cross-sectional reduction due to sublimation is around 5-10%
over a 10 year period. The sublimation rate of PbTe at 530°C is about 2 × 10 -7 g/cm -2 h and 7 × 10 -7
g/cm -2 h for 5% and 10% reduction, respectively [38] . In order to examine the thermal stability of the fabricated Ni/PbTe joints, an aging test at 803 K was conducted under vacuum. Figure 7 shows an optical microscope image after the joint was exposed to high-temperature conditions for 360 hours.
The image proves that there is clear degradation of PbTe. The increase in porosity and cracks within the thermoelectric material exemplifies the effects of the sublimation mechanism at 823 K. With longterm usage, this could be detrimental to power performance or lead to mechanical failure between bonded layers. Despite the obvious damage to the sample after the test, we still observed a welldefined and continuous interphase. EBSD analysis and energy dispersive X-ray spectroscopy (EDS) were also performed simultaneously on the thermally aged sample, which was prepared in the same way as the as-sintered sample. The analysis was performed to investigate any changes in the crystallographic structure of the interphase after the long-term thermal aging test. Figure 8 reported between Ni3Te2 and PbTe [39] : Ni2PbTe4 [39] and Ni3PbTe3 [36] . There is no thermodynamic data available for these phases, however, and we observed no new phases that were formed during the aging test, as is evident from the EDS analysis shown in Figure 8 
Conclusions
Nickel plate was successfully bonded to n-type PbTe by one-step sintering using SPS. The β2 phase 
